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ABSTRACT 
The objectives of this investigation a r e  to examine the mechanism 
of the stress corrosion cracking of A1 alloys (Phase I) and to study the 
feasibility of using instrumeiital methods to detect stress corrosion 
cracking on fabricated A1 alloy parts (Phase 11). 
Phase I is being implemented by means of four subprojects: 
(1) To  determine the effects of environment on the mode and 
rate  of cracking of Al-Zn-Mg-(Cu) and A1-Cu. 
(2) To establish the mechanism of the precorrosion effect. 
(3) To examine oxide rupture on A1 alloys in order to establish 
their  local deformability. 
(4) To apply metallography and electron microscopy where 
appropriate. 
Under project 1 we  have investigated the effect of temperature on the 
Studies were made in 1M NaCl buffered 
Stress corrosion was  carried out galvanostatically a t  90% of the 
stress corrosion life of 7075-T651. 
to pH 4. 7. 
0. 2% offset yield strength. 
preparation of the alloy. Electropolished samples fail much more readily 
at all temperatures than samples with an as -machined finish. This differ - 
ence is associated with the precorrosion effect noted previously and discussed 
below. Failure time for the electropolished samples decreased with increase 
in temperature. 
factor of 5 between 30" and 50°C and subsequently decreased by a factor of 
10 between 50" and 70°C. 
surfaces is interpreted in terms of a change in the degree of localization 
of corrosive attack with temperature. 
In connection with project 2 ,  we  have explored the effects of surface 
pretreatment and environment removal on the failure time of 7075 -T65 1. 
W e  have reported previously that, for machined samples, 80% of the failure 
time is associated with a process which is not accelerated by the presence 
The results depended strongly on the surface 
For  as-machined samples, failure time increased by a 
The unexpected behavior of the as-machined 
i 
of stress, i. e. a pure corrosion process. We have investigated therole 
of the state of the surface on this precorrosioii effect. Experiments have 
been carried out on as -machined, reheat-treated (to remove any possible 
residual tensile stress on the surface a s  the result of machining) aiid on 
reheat-treated and electropolished specimens (to remove any oxides 
possibly produced during reheat-treatment) of 7075 -T65 1. 
ences are found. Thus, the normal time -to-failure of as -machined specimens 
is approximately five times that of electropolished samples and about twice 
that of reheat-treated samples. All of these differences a r e  the result of 
the precorrosion phenomenon; i. e. the machined sample shows the maximum 
precorrosion effect and the electropolished sample shows no precorrosion 
effect. Photomicrographs of the various surfaces show the reason for these 
differences. In particular, the grain boundaries of the as -machined specimens 
frequently do not run to the surface. Where they do, there a r e  often grain 
boundary regions parallel to the tensile direction. Correspondingly, one 
would not expect application of the load to ass is t  any corrosive process a t  
these grain boundaries. 
Also iii coiiiiection with project 2,  we have explored the effect of 
eiivironmeiit removal after the beginning of stress cbrrosioii on the Subsequent 
time-to-failure. 
function of precorrosion time with drying. 
removed from solution after precorrosion, is carefully washed, and then dried 
overnight. Drying sharply increases the stress corrosion life. T h u s ,  not only 
is the deleterious effect of the precorrosion on the subsequent stress corrosion 
life eliminated, but indeed the over-all life is much longer than the normal 
time -to-failure. 
Large differ- 
Fo r  this  purpose we have explored the time-to-failure a s  a 
In this experiment, the sample is 
These results are interpreted through the following hypothesis: 
The precorrosion effect derives, as indicated above, from a distortion of the 
metal layer next to the surface. A stress corrosion mechanism can only be 
operative in leading to failure when this surface-deformed layer has been 
penetrated. Presumably, this occurs by preferential attack at  certain sites. 
When w e  precorrode, these sites teiid to be eliminated. Washing aiid drying 
remove the aggressive corrosive eiivironmeiit from the vicinity of these 
ii 
sites and cause pits and incipient cracks to be blunted, perhaps by 
accumulation of solid corrosioii product. Subsequent attack then takes 
place more generally over the surface, and a much longer time has to 
elapse before the corrosion process reveals a suitably oriented grain 
boundary. The implicatioiis of these results for the protection of fabricated 
structures are disc u s  sed. 
high purity A1 and with 7075-T651. Three different kinds of phenomena 
are being investigated. Firstly, we a r e  examining the possible correla- 
tion betweai the brittleness of the oxide on the surface of an A1 alloy and 
its s t r e s s  corrosion susceptibility. Secondly, by deliberately applying a 
brittle oxide to the surface, we can examine the microdeformation of 
stress corrosion susceptible alloys and compare it with that of resistant 
alloys. Thirdly, we are examining the current transients during crack 
initiation aiid propagation. In the f i rs t  instance, experiments to explore 
the general phenomena a t  straining electrodes have been carried out. 
during straining until there is a macroscopic plastic deformation. Then 
the current increases sharply. 
metal is exposed to the solution when plastic deformation occurs. With 
7075-T651, the current a lso is steady until the elastic limit is reached, 
both in chloride and in sulfate solutions. 
A quite different effect is found for 7075-T651 which is strained 
With respect to project 3,  experiments have been carried out with 
When A1 is  held at  a constant potential, the current is constant 
This indicates that fresh,  nonoxide covered 
after it has been precorroded sufficiently to bring it into the region where 
further attack is by true stress corrosioii. In this case the current on the 
load increases substantially compared with the unloaded state well before 
the macroscopic plastic deformation. Evidently one of the effects of the 
precorrosion treatment is to increase the effective brittleness of the oxide 
film, either through chemical o r  morphological changes o r ,  more likely, 
by altering the stress level for the underlying metal to flow. 
that the precorrosion treatment leaves surface metal which is peculiarly 
sensitive to microslip. Strangely, a precorroded and then dried sample 
shows the same behavior, i. e. an increase in the current before the onset 
of macroscopic plasticity. 
This suggests 
iii 
Electroii microscopy of corroding foils of pure A1-Zii-Mg is 
reported. Cold working of susceptible tempers leads to planar a r rays  of 
dislocatioiis. These are found to dissolve preferentially under corroding 
c oiid i t ioii s . 
The second phase of the program is to study the feasibility of 
detecting stress corrosion damage in fabricated A1 alloy parts. This 
project aims to determine the range of detectability of stress corrosion 
damage and to specify compoiieiits and procedures for an oii-field instrument. 
The experimental technique iiivolves study of the attenuation of surface 
ultrasonic Rayleigh waves. This is being implemented by means of the 
following subprojects: (5) detectability of stress corrosion damage caused 
under various eiiviroiimeiital conditions; (6) detectability of precorros ion 
damage on 7075, aiid (7) instrumental design parameters. 
s t r e s s  corrosion caused galvanostatically under basic conditions and that 
caused by free corrosion in an acidic potassium dichromate solution. Attack 
with the dichromate solution is very slight and detection of the damage is not 
possible. Damage caused a t  pH 11. 8 is less readily detected than that 
caused by corrosion at pH 2. 1 or 4. 7. For a given amouiit of corrosion in 
the three solutioiis, the attenuation decreases in the ratio 2 to 1. 2 to 1 a s  
we proceed from pH 2. 1 to 4 . 7  to 11. 8. Thus ,  although there a r e  differ- 
ences iii the detectability of the damage caused under different ambient 
coiiditioiis, the effect is not large enough to vitiate the usefuliiess of the 
method. 
In coiiiiection with project (5), we have explored the detectability of 
Precorrosion followed by stress corrosion is very effective in 
produciiig detectable microcracks. For  example with 7075-T65 1, corrosion 
of 1 coul/cm would normally cause oiily a very small  change in the atteiiua- 
tioii of Rayleigh waves on the surface. When followed by stress corrosion 
for an additional 0. 3 coul/cm , the attenuation was equivalent to that found 
2 with a contiiiuiiig stress corrosion of 1 coul/cm . These results indicate 
that very small  amounts of stress corrosioii can be picked out from a 
corroded surface aiid that there is little probability of failing to detect a 
2 
2 
iv 
small  amount of stress corrosion damage on a surface which has been 
sensitized to s t r e s s  corrosion by pure corrosive attack. This sensi- 
tizing precorrosion i s  not in itself readily detectable, however. 
quency of the ultrasonic wave on the detectability of SCC. Also, we have 
studied the coupliiig of transducers to the test specimen in configurations 
likely to be useful iii the field. 
Experiments to develop appropriate methods for working a t  higher fre- 
quencies, i. e. 12 and 20 megahertz, a r e  described. 
e. g. 1 megahertz, are shown not to be suitable for detection of stress 
cor r os ion dam age e 
Experiments on "dry" coupling of the Rayleigh wave transducer to 
the surface have been carried out. The aim has been to seek a method which 
will avoid the necessity for a liquid or cement bond between the transducer 
and the surface. A rubber sheet with a thickness from 0. 1 to 1 mm is  not a 
suitable coupler and causes an atteiiuatioii of 10 to 20 db. Consideration is 
also given to  the design of a liquid filled probe-and-coupling which may 
possibly be useful iii the field. 
In coiaiiectioii with project 7 we have examined the effect of fre- 
All of the previous studies have been carried out a t  4 megahertz. 
Lower frequencies, 
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SECTION A 
INTRODUCTION 
The purposes of this iiivestigation are to examine the mechanism 
of stress corrosion cracking in A1 alloys (phase le) and to study the feasibility 
of using instrumental methods to detect stress corrosion cracking on 
fabricated A1 alloy parts (phase 11). 
studies of four  subprojects to determine (1) the effects of environment on 
the mode and rate of crackiiig of Al-Zn-Mg-(Cu) and Al-Cu, (2) the mechanism 
of the precorrosion susceptibility of 7075, and ( 3 )  the brittleness of oxides on 
A1 alloys and current transients during cracking. In addition, we a r e  using 
metallography and electron microscopy in coiiiiection with (l), (2), and ( 3 )  
and also to investigate further the mode of corrosive attack on the alloys 
as a functioii of heat treatment, subproject (4). This work is described in 
section B of this report. 
design parameters for the on-sight inspection of fabricated A1 parts. The 
method used to detect stress corrosion involves the propagation of surface 
ultrasonic waves (Rayleigh waves) on the materials. This phase of our 
program is being implemented by means of subprojects which would (5). 
detect stress corrosion damage caused under a variety of environmental 
conditions, (6) detect precorrosion damage on 7075, and (7) produce specifi- 
cally a set of instrumental design parameters,  e. g. specification of measure- 
ment, frequency, transducer coupling, configuration optimization, etc. 
Results are presented in section C. 
In phase I ,  the mechanism study, the work is being implemented by 
The second phase of our program aims to provide instrumental 
The work projected for the next quarter is  described iii section D. 
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SECTION B 
OF STRESS CORROSION CRACKING OF A1 ALLOYS 
I. INTRODUCTION 
This phase of our program is being implemented by means of the 
following four projects, a l l  of which have been actively pursued in this 
quarter: 
(1) Determining the effects of environment on the mode and 
rate of cracking of Al-Zn-Mg-(Cu) and Al-Cu. 
(2) Establishing the mechanism of the precorrosion effect. 
(3) Examining oxide rupture on A1 alloys in order to establish 
their local deformability. 
(4) Applying metallography and electron microscopy where 
appropriate. 
Under project (1) we have investigated the effect of temperature on 
failure of 7075-T65 1 and have found a large difference in behavior depending 
on pretreatment of the surface. 
treatment and environment removal on failure time for 7075. In conjunction 
with previous measurements, we have established a consistent picture of the 
cause of the precorrosion effect, and we have shown that it derives from 
the presence of a modified Beilby(l) layer. 
With respect to (3 , experiments have been carried out with high 
purity A1 and with 7075-T651. The initial aim has been to establish the 
general electrochemical behavior of these materials under strain. More 
specific experiments, to attempt to relate the mechanical deformability 
of 7075-T651 to its pretreatment, are also reported. 
is reported, along with some metallography in connection with (2). 
In connectioii with (2), we have explored the effects of surface pre- 
Under (4), electron microscopy of corroding foils of pure A1-Zn-Mg 
- 2 -  
11. INVESTIGATION OF THE BASIC ECHANISMS OF THE PRECORROSION 
EFFECT 
Our results to date have demonstrated that for specimens machined of 
7075-T651 and tested in the short transverse direction, about 80% of the time- 
to-failure is taken up by a process that is not accelerated by the application 
of a load. A s  has been mentioned before, similar results have been reported 
reported on an extensive study of the effect of surface preparation on the 
time-to-failure of stress corrosion specimens. They concluded that the 
increase in time -to-failure resulting from such surface treatments as 
shot-peening came about not from any residual stress effect but rather 
they were the result of the disruption of the grain boundary structure a t  the 
surface of the specimen. Although not referred to as such by Borchers and 
Tenchoff, this surface layer is in fact a modified Beilby layer('), i. e. , a 
layer of severe crystallographic distortion. Beilby' s original concept was 
particularly directed towards the crystallinity of the surface; however, it 
is appropriate and reasonable that this concept of surface distortion be 
applied specifically to the case of grain boundaries a s  well a s  grain interiors. 
F i r s t ,  we have tested for the precorrosion effect specimens with elaborately 
prepared surfaces. 
insure as exactly as possible that the only surface layer present was the 
25 a oxide layer which cannot be avoided. Secondly, we have carried out 
careful transverse section metallography as well  as differential surface 
etching experiments. These have been done on as-machined, reheat-treated, 
and reheat-treated and electropolished specimens of 7075-T65 1 in order to 
determine if significant destruction of the surface grain boundary structure 
is responsible for the precorrosion effect, particularly in the as-machined 
samples . 
(as -machined, reheat- treated,and reheat-treated and electropolished samples) 
are shown in Fig. 1. 
in the German literature by Gruhl@). Recently, Borchers and Tenchoff (3) 
To test this hypothesis, we  have carried out a two-fold program. 
The aim of this careful surface preparation was to 
The results of the precorrosion tests on these three types of samples 
This figure is not normalized; each point represents 
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the actual time-to-failure as ordinate and the actual time of precorrosioii 
as abscissa. These tests were carried out under the same conditions 
a s  previously described. That i s ,  the tests were carried out galvaiiosta- 
tically, with an applied anodic current density of 0.3 ma/cm2, a t  30°C 
in a 1M NaCl solution buffered to pH 4. 7 with sodium acetate and acetic 
acid. 
apparent that the normal time-to-failure (that is, the time-to-failure 
a t  zero precorrosion) of the as -machined specimens is approximately 
five times that of the reheat-treated and then electropolished samples, 
and about twice that of the reheat-treated specimens. Secondly, it is 
apparent that after about 0.5 hours of precorrosion, the subsequent time 
to failure under load is the same for all  specimens. Thirdly, the reheat- 
treated and then electropolished specimens do not show a precorrosion 
effect, while the simply reheat-treated specimens show an effect inter - 
mediate iii magnitude to the others. 
These observations are consistent with the hypothesis that the 
precorrosioii effect arises from the presence of some form of surface layer. 
To investigate this possibility, samples of each type of specimen have been 
cut transversely, mounted, polished and etched. Examination was then 
made of the region near the edges of the specimens; representative photo- 
micrographs are shown in Fig. 2. Figures 2(b) and 2(c) show the 
reheat-treated and the reheat-treated then electropolished samples and 
there is no evidence for the surface distortion of the grain boundary 
structure. 
tion of the edge region seems to reveal that not all of the grain boundaries 
penetrate through to the surface. However, from these photomicrographs 
alone it is difficult to resolve the issue definitely, i. e. whether or not a 
true surface layer is present. In order ,  therefore, to examine the surface 
state more directly, we have used the method of direct etching of the surfaces 
of each of the specimens. The aim of this method is to see if there is a 
significant difference in the development of etch patterns between the different 
methods of surface preparation. It may be, for example, that the as-machined 
There are three priiicipal features of Fig. 1. Firstly,  it is 
Figure 2(a) shows the as-machined sample, and careful inspec- 
- 5 -  
Fig. 2 Photomicrographs of short-transverse s ecimens of T65 
prepared a s  follows: (a) as-machined, P b) reheat-tr 
(c) reheat -treated and electropolished. (750X) 
- 6 -  
Fig. 2 (Cont.) 
- 7 -  
specimens will not show a developed grain boundary pattern after an etching 
treatment which was sufficient to reveal grain boundaries on the specimen 
which had been electropolished. This behavior would constitute very strong 
evidence that the grain boundaries in the as-machined specimen had been 
disrupted near the surface. 
shown in Fig. 3. This  figure shows the appearance of the surface of each 
specimen after ai? exposure of 25 seconds to aii etch which is composed of 
1% HF, 1.5% HC1, 2.5% HN03, balance H20. It can be plainly seen that 
after this treatment the grain boundary structure on the reheat-treated and 
then electropolished specimen is clearly developed, while the a s  -machined 
specimen still shows no evidence for grain structure. By using an etchant 
which reveals grain boundaries while not obscuring the surface with corrosion 
product, one is able to see what type of surface is exposed to the solutioii 
without having that surface obscured by corrosion products, as would be 
the case for exposure to an actual salt  solutioii. 
From this study one may draw a rather. importaiit practical conclu- 
sion. It is clear now why mechanically disruptive surface treatments a r e  
effective iii improving stress corrosion resistance; i. e. the grain boundary 
at the very surface is destroyed. Because there a r e  no grain boundaries 
where stress corrosion can begin, true stress corrosion attack must wait 
until pure corrosion, unaccelerated by stress, has penetrated this surface 
layer. By knowing that this is the case, one may now undertake investigations 
of different surface mechanical treatments and know what sort of structure 
The results of our experiments in the three types of alloys are 
must be produced if good resistance to stress corrosion is to be achieved. 
111. ELEVATED TEMPERATURE STRESS CORROSION EXPERIMENTS 
In connection with subproject 1 concerning the effects of environment 
on the mode and rate of cracking of A1 alloys, experiments have been carried 
out to determine the effect of temperature on the normal time-to-failure of 
7075-T651. These studies have been carr ied out in very carefully deaerated 
solutioiis iii order to eliminate any possible effects arising from the change 
- 8 -  
Fig. 3 Photomicrographs of the surfaces of (a) as-machined, (b) heat-treated, 
and (c) reheat-treated and electropolished samples after etching. 
(200X) 
- 9 -  
Fig. 3 (Cont.) 
- 10 - 
in oxygen solubility with temperature. The solution was, a s  before, 1M 
NaCl buffered to pH 4. 7 with sodium acetate and acetic acid. The applied 
2 current was 0.48 ma/cm . Temperature was measured with a mercury 
thermometer mounted through the cell wall which measured the temperature 
directly inside the cell itself. 
T651, over 80% of the normal time-to-failure is taken up by a process 
which does not involve stress corrosion. Only during the last 20% of the 
failure time is it necessary to apply a load to cause damage. Thus ,  in 
determining the effect of temperature on the time-to-failure, it is  
important to distinguish between the effect of the temperature on the pure 
corrosion process,  which destroys the Beilby layer, and the effect of 
temperature on the true s t r e s s  corrosion process. To achieve this 
separation of effects, we have carried out tests to determine the normal 
time -to-failure of 7075 -T65 1 specimens in both the as -machined and in 
the electropolished conditions. 
These tests were carried out using a slightly different specimen 
configuration than has been used previously. A l l  tes ts ,  a s  before, used 
specimens which had a gauge length of 9/16". This section was then 
covered with wax until only a 1/8" section was left exposed. For  these 
high temperature runs,  however, we have found that the wax used had a 
slight tendency to run at  the elevated temperatures. To avoid problems 
associated with this, a new set of samples has been prepared in which the 
gauge section was decreased to only 1/4". In this case the wax is only 
applied to the shoulders of the specimen and not to the gauge section at  all. 
Because the wax is applied up to the edge of the shoulder, running of the 
wax does not occur. 
Tests were carr ied out on both as-machined and electropolished 
samples for the following reasons: 
that, for the electropolished specimens, the whole period of the normal 
time-to-failure is taken up by a true stress corrosion process. For the 
as-machined samples, on the other hand, only 20% of the total time-to- 
e have shown previously that for as-machined specimens of 7075- 
e have previously shown (Fig. 1) 
- 11 - 
failure is taken up by stress corrosion. Therefore, by comparing the 
behavior of these two types of samples, one obtains an indication of the 
extent to which the change in time to failure depends on each process. 
feature of note in this figure is the rather high normal time-to-failure 
of the as -machined specimens. Apparently, the change in waxing geometry 
effects the time-to-failure. This could be the result, for example, if 
undercutting of the wax had occurred on the specimens which were waxed 
on the gauge section. The most important feature of the results, however, 
is that the behavior - vs. temperature of the two types of specimens is 
radically different. The electropolished specimens show a decrease in 
their normal time-to-failure with increasing temperature. The as -machined 
specimens, on the other hand, show a maximum in time-to-failure at - 50°C. 
possible to attribute this maximum to a change in oxygen solubility 
(decreasing with T) combined with a H2-depolarized corrosion reaction 
(increasing with T). Rather, it is more likely that the maximum shown 
by the as-machined samples results from the changing localization of pure 
corrosion attack. That is, at 50°C) the rate of corrosive attack, which is 
fixed by the current,  is less localized than at 30°C. Then, the general 
corrosion attack does not lead to an increased rate of penetration of the 
modified Beilby layer. Rather, the attack is more uniform. A s  the tempera- 
ture is raised still further,  however, the pure corrosion process overcomes the 
tendency towards uniformness and evidently is localized again; thus the time -to- 
failure falls, The reasons for such variations in localization with temperature 
are not clear at this time. 
On the other hand, in the case of the electropolished specimens, an 
increase in temperature leads immediately to a decrease in the failure time. 
This result is to be expected since, for these samples, there is no surface 
layer which must be penetrated by pure corrosion. Enough attack can be 
located immediately at  grain boundaries cutting the surface and an increase 
in temperature will not destroy this localization because a pitting- type 
process is not involved. 
The results of these tests are shown in Fig. 4. The first 
Since these tests were carried out in deoxygenated solution, it is not 
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rature for both as-machined and 
electropolished specimens of 7 8" 75 -T65 1. 
70 
These results are of considerable practical and theoretical importance. 
On the one hand, they give the true-behavior of actual materials whose 
surface preparation has probably generated a surface distorted layer. 
the other hand, for samples prepared so as to have no Beilby layer, they 
give the actual temperature dependence of the s t ress  corrosion cracking 
process. 
On 
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IV. PRECORROSION AND DRYING EXPERIMENTS 
In our last quarterly report, w e  presented a table (Table I1 of that 
report) which gave the results of experiments on specimens which were 
precorroded without s t ress ,  removed from solution and dried, and then 
retested. These tests were carried out a s  task b of subproject 2. These 
tests indicated that when drying is prolonged, the sample has a greatly 
improved resistance to s t ress  corrosion upon retesting. Because of 
the practical importance of such a result, these tests have been e n -  
larged and extended. Resu l t s  a r e  shown in Fig. 5. These results 
confirm the previous observation that precorrosion followed by drying 
for approximately 18 hours under vacuum leads to an increase in  
,resistance to stress corrosion. 
This  result  is understandable through the following hypothesis: 
W e  assume that certain areas  of the Beilby surface layer a r e  more prone 
to corrosion attack than others. These areas  will then be the first  to 
be attacked in the precorrosion process. This f i r s t  attack is then halted 
by the removal and drying of the specimen. It is important here that 
the drying be thorough or  else the corrosion wi l l  not be fully stopped. 
In this regard, moisture in deep crevices may be ve ry  difficult to 
remove, as illustrated by the fact that specimens dried for only 30 
minutes do not show the same degree of subsequent resistance to 
s t ress  corrosion as  specimens dried, presumably fully, for 18 hours 
under vacuum. 
been halted in a particular location it is not likely to reinitiate immediately 
It has been found by Farmery and Evans(4) that once cracking has 
i n  that same position. The reasons for this behavior have not been con- 
clusively determined. However, the most easily corrodible surface regions 
of the  Beilby layer in our alloy should be the places where  maximum 
accumulation of corrosion products occurs. Once the aqueous environ- 
ment has been removed by desiccation, repenetration into these a reas  
of initial attack would then be slow. Specific local attack, required for 
crack initiation, would then more likely proceed a t  secondary sites which 
a r e  more slowly attacked. 
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These observations indicate a novel approach to the problem of 
increasing the resistance to stress corrosion of 7075. The idea of 
precorrosion at  initial preferential sites for crack initiation a s  a means 
of imparting protection against s t ress  corrosion has, to our knowledge, 
never before been suggested. Such treatment could be combined with 
both surface deformation and our previously suggested overaging 
heat -treatment. This  process could conceivably impart considerable 
resistance to s t ress  corrosion failure with no loss i n  yield strength and 
could be carried out on already fabricated parts. 
V. ELECTRON MICROSCOPY 
The  electron microscopy work during this quarter has continued 
to be directed towards the study of the interaction of dislocation sub- 
structure and corrosion. A s  before, specimens of A1-7.5 Zn-2. 4 Mg 
were solutionized for 30 minutes a t  480°C, quenched, and aged for 24 
hours a t  130°C. After aging, the foils were rolled to 0.004 mils 
to generate the dislocation structure. In regard to this, it is important 
that rolling be carried out after the aging treatment in  order that the 
dislocations be generated after precipitation. 
Our observations during this quarter confirm that, after this 
treatment, planar a r rays  of dislocations a r e  found. This  is shown in  
Fig. 6(a). A similar specimen, after corrosion for 13 minutes in a 
solution of 1M NaCl containing 1% H202, is shown in Fig. 6(b). Here, 
the increased rate  of attack a t  the region of the planar arrays is clearly 
visible. 
evidence for the selective disolution of the MgZn2 particles along 
this boundary. This foil was also corroded for 13 minutes in  a 
solution of IM NaCl containing 1% H202. This photograph also shows 
what appears to be a preferentially dissolved dislocation pile-up, 
similar to those shown in Fig. 6(b). 
that (1) dislocation pile-ups or  planar arrays do occur in A1-7.5 
Figure 7 shows the appearance of a grain boundary indicating 
T h e  consistency of our results to data gives strong indication 
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Fig. 6 Electron micrographs of aged A1-7.5 Zn-2.4 Mg 
foil (a) before corrosion, (b) after corrosion. 
( 6,200 X ) 
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Fig. 7 Electron micrograph of aged A1-7.5 Zn-2.4 Mg 
foil after corrosion. ( 37,000 X) 
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Zn-2.4  Mg alloys under certain conditions of heat-treatment and de-  
formation and that these arrays do constitute sides for preferential 
co i r  os ive attack. 
VI. INVESTIGATION OF OXIDE RUPTURE AND CURRENT TRANSIENTS 
DURING CRACKING 
A s  described under subproject (3) of our Program Planning Chart, 
w e  have begun a series of experiments to investigate the brittleness of 
the oxides on A1 alloys and to observe transient currents during the 
propagation of stress corrosion cracks. 
The reasons for a study of the mechanical properties of the 
protective oxides on our alloys a r e  fairly straightforward. It is 
well-known that the corrosion of A 1  is dominated by breakdown of its 
protective oxide film. Dissolution of A1, when not covered by oxide, 
is extremely rapid in aqueous environments. In stress corrosion, oxide 
rupture is inevitably involved, and a number of theories of stress 
corrosion discuss oxide rupture  a s  the limiting ~ t e p ( ~ - ~ ) ,  A careful 
study of the correlation of oxide r u p t u r e  with stress corrosion sus- 
ceptibility is, therefore, of great interest. 
has recently been suggested by Bubar and Verrnilyea(''). They examined 
current transients during straining of oxide -covered metals. The 
principle of their method is as  follows: If a passive metal is held a t  
constant potential (E1)' a steady state oxide is formed and the dissolution 
current falls to a very low value. If the metal is strained, the oxide 
w i l l  thin or  crack, depending on its ductility. The current will then 
increase, corresponding either to oxide thickening or to its repair. 
These cases will not be readily distinguishable experimentally. If a 
passive film is grown a t  a higher potential (E2), it will be thicker. If 
the metal, covered with the thicker E2 oxide, is strained at  E l  and, i f  
the oxide is ductile, it will thin and no current will flow until it has thinned 
to the  steady s ta te  thickness corresponding to E 
the E2 oxide is brittle, it will crack when the metal is strained a t  El  
A n  experimental approach to the determination of oxide ductility 
If, on the other hand, 
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and a current, corresponding to oxide repair, will be obtained. 
ductility of protective oxides. It was found (lo) that on A1, thin oxides 
( < 40 A ) of A1203  have some ductility but that thicker oxides are 
entirely brittle. A n  extension of these experiments to A1 alloys would 
be of great interest. Thus our aim is to car ry  out Bubar and Vermilyea' s 
experiment on A 1  alloys and look for a correlation between oxide brittle- 
ness and s t ress  corrosion susceptibility. The specific effect of C1- ion 
in  enhancing SCC may, for example, find its explanation in a modification 
of the ductility of the protective oxides. 
One possible reason why oxides on some s t ress  corrosion 
susceptible alloys (e. g. 7075-T6) may appear unusually brittle, is 
localization of the deformation of the metal. Thus,  if when the metal 
is strained it deforms preferentially in narrow regions (e. g the grain 
boundary margins), the local protective oxide will thin o r  crack (de- 
pending on its ductility) more than the oxide on the remainder of the 
metal. Such localization of the deformation of the metal has been 
Thus,  we can turn the experiment around. We can deliberately put a 
thick brittle oxide on the alloy and use its rupture to investigate the 
localization of deformation within the metal. Quite clearly, an ex- 
perimental proof of the correlation between localization of deformation 
This technique clearly provides a method for examining the  
suggested to be intimately involved in the s t ress  corrosion of Al-Zn-Mg (11, 12) 
and s t r e s s  corrosion could resolve the controversies in the literature. 
This is our second aim in this project. 
principle o r  in practice from the first  two. Basically, the idea is to have 
a delicate and specific measure of what is going on at the tip of a pro- 
pagating crack. The normal criteria-changes in load or  strain or 
potential-are much too macroscopic to be usefu l  in anything but a 
qualitative manner. The change in current when a slip step emerges 
or  a crack propagates is, on the other hand, very specific, sensitive 
and quantitative. The interpretation of these transients is almost 
certainly best carried out i n  terms of the results of the previous two 
The third aim should not be too stringently dissociated either in 
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experiments. Preliminary data for 7075 -T651 under various conditions 
of surface preparation, to tie in with our precorrosion studies, indicate 
the  powerfulness of this  approach. 
before undertaking the detailed studies outlined above, have begun. To 
car ry  out these experiments, w e  have used the cell arrangement which 
w e  developed for the s t r e s s  corrosion tests, with two modifications. 
First ,  new Teflon end-caps have been prepared so that rectangular 
s t r ip  specimen may be accommodated. Second, a platinized -platinum 
hydrogen reference electrode has replaced the calomel reference 
electrode that was used previously. This  was because the Hg from the 
calomel electrode disturbed the behavior of the A l .  
come to its steady state res t  potential and then to apply a small anodic 
current, on the order of microamps per square centimeter, to  the 
specimen. This  current is applied poteneiostatically. That is, the 
potential of the specimen is controlled via a potentiostat a t  a few 
millivolts more positive than the rest potential and the current which is 
required to fix this potential is measured continuously. The sample 
is then strained and this straining ruptures the oxide and exposes fresh 
metal. This  fresh surface will be substantially more active then the 
oxide-filmed alloy and so the current required to  maintain the potential 
constant will increase. 
By measuring this increase a s  a function of the deformation, one 
may determine in  a quantitative way the  amount of charge that was passed in 
repairing the ruptured oxide. By continuing to record the current after 
the sample has stopped being strained, the rate of repair of the oxide 
may also be determined, In this manner the brittleness o r  protective 
Initial experiments to explore the phenomena of strained electrodes, 
Using this system, the  procedure is to allow the specimen to 
nature of the oxide is determined, Furthermore, this method is 
applicable not only to a i r  formed films, but also to other films as  well, 
e. g. those films formed by anodization o r  films of corrosion products. 
- 22 - 
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The first tests that have been made using this technique have 
been carried out using high purity aluminum. This  has been done in 
order to provide a standard against which the results with alloy specimens 
may be compared. 
To insure that the only oxide present was an air formed oxide, the 
sample was first cleaned and then exposed for 48 hours to the oxide thinning 
solution of Heine and P r y ~ r ' ~ ) .  This is composed of one mole per  liter of 
sodium chromate brought to a pH of 7 .2  by adding NaOH. This sample was 
strained at a rate of about 3 x 10-3g/min and the potential held constant 
with a current density of approximately 2 ua/cm .( A s  can be seen from 
Fig. 8, this current density did not change significantly during straining 
uiitil a load sufficient to cause plastic deformation was reached. At  this 
load, the current increased markedly. When straining was stopped so 
that the load was allowed to decrease slightly as  creep occurred, this 
current again rapidly decreased, though it did not quite return to its 
original level. This behavior will be shown to be typical of strained 
alumiiium alloys. When the elastic limit is reached and the materials 
deforms so that the load no longer increases linearly, there is always 
a rapid increase in current density, indicating that fresh metal is being 
exposed to solution. 
Figure 9 shows the results of a similar test made on a specimen 
of 7075-T651. The film 011 this specimen was again air  formed, although 
Heine and Pryor's solution was not used. Just  a s  before, the current 
necessary to maintain the potential of the specimen constant remains 
steady until the elastic limit is reached (after 6. 5 minutes on the abscissa 
in Fig. 9). When plastic deformation begins and the load stops rising then, 
jus t  as in the pure aluminum case, the current increases sharply. It falls 
immediately when straining ceases and the load is allowed to relax slightly. 
When the load is removed, there is no detectable change in current,  
indicating that by this time the oxide film has been completely repaired. 
which indicates a result very similar to that of Fig. 9 in chloride solution. 
Again, no change in current is reached until the load levels off, indicating 
the onset of plastic deformation. 
2 
Figure 10 shows the results of a similar test in sulfate solution 
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A particular feature of all three of these tests has been the fact 
that the current does not increase until the onset of plastic flow. This 
observation remains t rue  even when a specimen has been strained 
elastically and then unloaded sufficiently many times that it is nearing 
its fracture point. This situation is shown in Fig. 11. In this instance 
the specimen breaks j u s t  as plastic deformation begins. No change in current 
is observed until fracture at which point, due to the formation of the two 
fresh fracture surfaces, the current rises almost continuously. 
Our previous work  on 7075-T651 has shown that the s t r e s s  
corrosion of 7075-T65 1 short  transverse specimens may be divided into 
two distinct regions. These are (1) an initial region during which corrosion 
without applied load is j u s t  as effective in leading to final failure a s  is 
corrosion with load and (2) a terminal region of true stress corrosion during 
which significant additional damage does not occur unless the load is applied. 
The previous strain tests jus t  described for 7075 -T65 1 specimens were 
carried out in conditions corresponding to the initial region. It is therefore 
of considerable interest to see if there i s  any difference between the 
behavior of these specimens and the behavior of specimens which have been 
brought into the region of true stress corrosion by a precorrosion treatment. 
7075-T651 which was precorroded for 180 minutes with a current density 
of 0. 3 ma/cm2, which is sufficient to bring the sample into the region of 
true stress corrosion. 
necessary to maintain the potential of this specimen constant begins to 
increase substantiallv before the onset of plastic deformation. 
Figure 12 shows the results of a straining test  on a specimen of 
It i s  apparent from the figure that the current 
This is to 
be compared with the behavior in Fig. 9 ,  which shows no increase in current 
before the beginning of plasticity. Evidently, one of the effects of the pre- 
corrosion treatment has been to increase the effective brittleness of the 
oxide film, either through chemical o r  morphological change, or by 
altering the s t ress  level for the underlying metal to flow. Such an instance 
could, of course, be at the root of a corrosion pit. 
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Figure 13 shows the results obtained by an equivalent test on a 
specimen which was also precorroded for 180 minutes but which was 
then removed from solution and dried before being reintroduced into 
the solution for testing. Just  as in the case of the specimen which was 
precorroded but not removed from solution, the protectiveness of the 
oxide-corrosion product combination fails before the onset of plasticity. 
Again, most likely, this is due to change of the localization of deformation 
of the underlying metal. 
failure of the passive film is the result of morphology, as for example 
through the existenct of pitting, or whether indeed this extra apparent 
brittleness of the passive film is directly associated with increased oxide 
brittleness. It is expected that this question can be answered by the use of 
electropolished specimens, as well as through continued experiments on 
precorroded specimens of 7075 -T65 1. 
W e  are now in the process of making quantitative our observation 
on the increase in potentiostat current with applied strain with the aim of 
being able to relate our results more accurately to stress corrosion 
resistance. Specifically, we  are determining the extra corrosion which 
occurs because of straining as a quantitative function not only of strain,  
but also of strain rate. We further propose to investigate the excess 
current which occurs during the step-wise failure of 2219-T37 and to carry 
out selected experiments with high purity alloys. 
experiments wil l  provide quantitative information on the role of oxide 
rupture in A1 stress corrosion in place of the qualitative speculations with 
which the literature is rife. 
It is of primary importance to determine next whether this early 
t is thought that these 
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SECTION C 
NONDESTRUCT QUES FOR THE 
DETECTION OF SURFACE FLA 
I. INTRODUCTION 
The work reported here is concerned with detecting stress corrosion 
cracking using ultrasonic Rayleigh surface waves. 
the work was performed principally on the aluminum alloy 7075-T651. 
Part I1 of this section deals with the development and detection of 
SCC under various environmental conditions. Tests were performed on 
U-bend specimens in a 1 molar NaCl solution. The effect of a more 
basic solution (pH = 11. 8) on SCC was studied. Tests have also been 
performed on s t ressed U-bends that are corroded by continuous immersion 
in a dichromate solution (1% NaCl - 2% K Cr O with a pH of 3. 7 at  a 
temperature of 60" C). 
are initially precorroded in the unstressed state,  and then stress is 
applied while the corrosion is continued. 
Part IV considers some of the more practical aspects of SCC detec- 
tion such as the effect of the frequency on the detectability of microcracks. 
Also studied is the coupling of transducers to the test specimen by means 
of rubber and, therefore, noiiliquid media. 
filled cell in place of the more usual plastic-wedge Rayleigh wave trans- 
ducer is developed. 
During this quarter 
2 2 7  
Part 111 is concerned with precorrosion studies. The U-bends 
The possibility of using a liquid 
11. DETECTION OF SCC DAMAGE PRODUCED UNDER VARIOUS 
ENVIRONMENTAL CONDITIONS 
A. 
Most SCC and GGC (general galvanic corrosion) studies performed 
SCC Tests a t  pH = 11.8 
so far in phase I of this program have been carried out in a 1 molar solution 
of NaCl buffered to a pH of 4.7. A few tests were  performed during the last 
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quarter at a pH of 2. 1. In order to investigate the effect of a more 
basic solution on the detectability 3f SCC, tests were performed during 
this quarter with a pH of 11. 8. These tests,  described in the followiiig 
paragraphs, were performed on 7075 -T6(5 1) U-belid specimens a t  a 
stress level of 60% of the 0. 255 offset yield strength andacurrent density 
2 of 0.53 ma/cm e 
the desired pH was  obtained. A pH of 12 corresponds to approximately 
0. 01 normal NaQH. Although the solution was not buffered, checks of the 
pH during and after corrosion showed no change. 
The results of this investigation a re  shown in Fig. 14. This  figure 
is the standard plot for  the ultrasonic attenuation per unit distance (db/cm) 
2 - vs. the amount of corrosion (coul/cm ) and includes for comparison the 
results obtained with a pH of 4.7 and of 2. 1 at the same current density 
(0.53 ma/cm ) and stress level (60% of the yield strength). The ultrasonic 
examination was quite similar to the other cases and thus 110 details, such  
a s  oscillograms, are included here. 
galvanostatic charge. However, the slopes of the lines for both the stressed 
and uiistressed states a r e  smaller than the corresponding slopes at a pH 
of 4 . 7 .  W e  also note from the same figure that the slopes for the pH = 2. 1, 
4. 7 and 11. 8 cases, in the stressed state a r e  iii the ratios of 2:l. 2:l.  
The x-axis intercept for the lines of the pH = 11. 8 case again 
indicates an incubation period of about 0. 2 coul/cm2, which is the same 
as  has been observed in all other cases. 
of SCC damage (attenuation) at an equivalent amount of galvaiiostatic charge. 
When plotted in terms of SCC lifetime, the cases of pH = 2. I ,  4. 7 ,  and 
11. 8 will  probably coincide since Rayleigh wave NDT is  really a measure 
of the depth of cracks and not the process producing them. 
Photomicrographs of the corroded surfaces for a pH of 11. 8 were 
indistinguishable from those with a pH of 2. 1 and of 4.7 and, thus,  a r e  
not presented in detail here. 
The solution w a s  prepared by adding NaQH to 1 molar NaCl until 
2 
The data indicate a linear increase in ultrasonic attenuation with 
Apparently the effect of iiicreasiiig the pH is to reduce the amount 
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B. SCC Tests in Salt-Dichromate Solutions 
In order to compare our SCC results obtained by galvanostatic 
methods to other types of environmental tests, we  have applied an 
accelerated laboratory test to our U-bend specimens of 7075. The 
test is performed by continuous immersion in a salt-dichromate solution 
of 1% NaCl - 2% K2Cr207 with a pH of 3.7 at a temperature of 60°C 
(140°F). The solution was prepared on a weight percent basis using 
reagent grade chemicals and distilled water. The test solution was 
placed in a glass container and the temperature was maintained within 
- + 1°C of 60°C. 
the small evaporation losses. Details of the testing procedure were  
similar to those by Helfrich*. 
Although chemical etching was part  of the procedure recommended 
in the reference, initial tests were performed without chemically etching the 
exposed area before immersion of the specimen. 
this has been our procedure in all of our SCC tests. 
of the fabricated U-bend specimens has a high degree of polish but is not 
optically flat. This surface finish was referred to a s  "buffed" in ear l ier  
reports. Rayleigh wave measurements showed that this surface had a 
low coefficient of attenuation (0. 15 db/cm at 4 MHz). 
offset yield strength. Exposures to the salt-dichormate solution ranged 
from 15 minutes to 23. 5 hours. The examination of the surface with Rayleigh 
waves at  4 MHz did not indicate any increase in attenuation even for the 
relatively long exposure of 23.5 hours. Microscopic examination of the 
exposed areas also did not show any evidence of microcracks and there 
was negligible evidence of general corrosion. This is somewhat surprising 
as tests by Helfrich showed failure of samples s t ressed to approximately 
40% of the yield strength within a one hour period. 
Distilled water was added periodically to compensate for 
This was done since 
The surface finish 
The initial tests were performed at a stress level of 60% of the 0. 2% 
* W. J. Helfrich, Kaiser Aluminum & Chemical Corp. , "Final Summary 
Report on Development of a Rapid Stress -Corrosion Test for Aluminum 
Alloys, I '  for  NASA, Contract No. NAS8-20285, George C. Marshall Space 
Flight Center, Huntsville, Alabama. 
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Following these negative results,  the effect of chemically etching 
the exposed area before commencing the SCC test runs was investigated. 
The etching was performed in the unstressed state by immersing the 
a rea  to be corroded first in a 5% NaOH solution a t  75°C (about 170°F) 
for  30 seconds, and then in cold concentrated HN03 for  20 seconds with a 
final r inse in distilled water. The a rea  to be corroded is a rectangular 
surface (1 cm x 3. 8 cm) on the outside face of the U-bend specimen. 
During all  stages of the chemical etching and SCC testing the 
samples were checked both with ultrasonic surface waves and with a 
microscope. The 4 MHz transducer was attached with rubber cement 
onto the U-bend specimen. A special mechanical assembly was used to 
insure that the position of the probe on the sample did not shift during the 
tests. No change of ultrasonic attenuation was observed during the chemical 
etching. The microscopic examination showed that the highly polished finish 
had been dulled but no other form of attack was evidenced. 
Following the chemical etching, the U-bend specimen was stressed 
to a value of 30,000 psi o r  40% of the 0. 2% offset yield strength. The 
sample was then exposed to the salt-dichromate solution with the tempera- 
ture again a t  60°C. Exposures ranging from 1 to 11 hours again produced 
no change in the ultrasonic attenuation. The microscopic examination was 
also consistent with the ultrasonic results in not showing any signs of 
attack. 
Thus it was concluded that either the salt-dichromate solution was 
not effective for our studies o r  the exposure times were too short for this 
particular corrosive environment (salt-dichromate), even though they were 
long compared to our galvanostatic methods. No explanation of the negative 
SCC results can be proposed at this time. 
111. DETECTABILITY OF PRECORROSION DAMAGE ON 7075 
It was noted in phase I of this program, the mechanism study, that 
in 7075 precorrosion is almost equally as effective in shortening life as  
SCC. Such precorrosion could lead to rapid failures of stored parts on 
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subsequent use. The investigation in this section is concerned with the 
development of cracks after precorrosion and their detection by surface 
waves when a load is applied to the precorroded U-bend samples. This  
wil l  also be of some interest for the mechanism study. 
The precorrosion studies performed in phase I of the program 
(mechanism study) were characterized in terms of times -to-failure. 
For  the NDT investigation of the detectability of precorrosion damage, 
U-bend specimens were  precorroded for fixed lengths of time. Then, 
they were  stress corroded. The specimens were not corroded to failure, 
but rather the damage was monitored ultrasonically and microscopically 
throughout the test. This method is apparently quite successful in giving 
u s  information about precorrosion. Even though the SCC cell used with 
U-bend is quite simple, the damage produced by increasing exposures in 
SCC and GGC tests can be accurately monitored ultrasonically. 
best illustrated by describing in detail a test and the corresponding 
oscillograms of the ultrasoiiic reflections taken at  various stages, 
by cleaning and cutting grooves for reference reflections after which a 
reference oscillogram is taken with the U-bend unstressed (part a of 
Fig. 15). The surface wave transducer was attached with "rubber" 
cement to one leg of the specimen and secured with a mechanical assembly 
to prevent any movement of the probe throughout the complete precorrosioii 
test. Then the unstressed U-bend is corroded under "standard" conditions 
for a particular length of time (31.5 miii o r  1 coul/cm for the particular 
test described). By standard" conditions we mean a current density of 
0.53 ma/cm in a corrosive environment of 1N NaCl plus 0. 05M acetate 
buffer (pH = 4.7) .  After  this precorrosion exposure, the sample is 
removed from the solution, cleaned and microscopically examined. 
Then another oscillogram is  taken (part b in Fig. 15). Next the s t r e s s  
i s  applied (60% of the 0. 2% offset yield strength), and this is followed 
by microscopic examination and another check of the ultrasonic reflectivity 
in order to observe any possible changes during the stressing procedure 
The experimental procedure fo r  the initial precorrosion tests is  
The procedure is as  follows: The U-bend specimen is prepared 
2 
2 
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(a) Reference oscillogram 2 (b) A f t e r  precorrosion of 1 coul/cm 
(c) After application of a stress of 60% 
of the yield strength 
(d) Af te r  an additional corrosion of 
0. 3 coul/cm2 but st i l l  under stress 
(e )  Unstressed state 
Fig. 15 Oscillograms illustrating the effect of precorrosion of 7075. 
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(part c in Fig. 15). Following the application of s t ress ,  the sample 
is stress corroded under standard conditions for a predetermined time 
(9.5 min or 0. 3 coul/cm ), removed from the solution, cleaned, micro- 
scopically examined, and ultrasonically tested (part d in Fig. 15). The 
stress is released, and final examinations are made (part e in Fig. 15). 
A summary of the ultrasonic results is shown in Fig. 16. This 
figure is the usual  plot of the ultrasonic attenuation per unit distance 
(db/cm) - vs. the amount of corrosion (coul/cm ). The same figure con- 
tains the results of corrosion for the cases of samples stressed to 60% 
of the yield strength and examined in both the stressed and unstressed 
states and also for GGC. 
examination, and the plotted results of Fig. 16, we  are in a position to 
discuss the precorrosion results in detail. Beginning with the precorrosion 
of 1 coul/cm , oscillogram (b) of Fig. 15 indicates a small increase of 
attenuation due to CGC. The microscopic examination at this point, of 
course, showed the exposed area to be corroded with pits but with no 
microcracks present. The change of ultrasonic attenuation (about 0 .6  
db/cm) is naturally in excellent agreement with the GGC line of Fig. 16. 
The oscillogram for the U-bend immediately after stressing (part c of 
Fig. 15) indicates that an increase in attenuation of about 2 db occurred 
during the stressing process; however, the microscopic examination 
did not reveal any visible changes in the surface condition of the exposed 
area.  This additional attenuation was possibly due to a change in the 
corroded area occurring during the stressing of the U-bend. In order to 
rule out completely the possibility of changes due to the transducer 
coupling o r  to the deformation of the reference grooves, additional tests 
will have to be performed. 
exposure of 1.3 coul/cm2, the oscillogram of the U-bend in the stressed 
state indicated a striking increase in attenuation. The corresponding micro- 
scopic examination complemented the ultrasonic results by revealing the 
presence of microcracks. Finally, the stress was removed and oscillogram 
2 
2 
Now with the aid of the oscillograms of Fig. 15, the microscopic 
2 
2 Following the precorrosion exposure of 1 coul/cm and a cumulative 
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(e) in Fig. 15 was taken in the unstressed state. The microscopic 
examination in this state again revealed the partially closed micro- 
cracks. The photomicrographs of the precorrosion test a r e  not included 
because they are very similar to others included in previous quarterlies. 
stages of the precorrosion test is shown in Fig. 16 by the heavy thick line. 
First we note that the precorrosion exposure of 1 coul/cm (segment AB 
in Fig. 16) is in excellent agreement with the GGC curve. Then we have the 
segment BC due to the stressing process, followed by segment CD due to 
the additional 0.3 coul/cm SCC exposure. This additional exposure af 
0. 3 coul/cm increased the attenuation by about 9 .4  db/cm which can 
not be explained in terms of the 60% stressed-line. The attenuation 
produced in a 60% stressed U-bend should be a maximum of 3.8 db/cm 
if we disregarded the initial incubation period of 0. 2 coul/cm2, and a 
minimum of 1. 7 db/cm if we take it into account. This dramatically 
demonstrates the precorrosion effect. An additional comment that we 
might make is that point E which correspond to the final unstressed state 
fall exactly on the 60577, unstressed line. Additional tests are now underway 
to investigate the mechanisms of precorrosion by varying the precorrosion 
portion of the exposure (segment AB in Fig. 16) and the SCC portion 
(segment CD in Fig. 16). 
The path of the change in Rayleigh wave attenuation at various 
2 
2 
2 
IV. INSTRUMENTAL DESIGN PARAMETERS 
A. Effect of Frequency on Detectability of SCC 
One of the most important parameters associated with Rayleigh 
or  surface wave propagation is the frequency of operation. The depth of 
penetration of these waves is only of the order of the wavelength, A .  It is 
this limited penetration that makes these waves valuable in the investigation 
of phenomena which occur very close to or on the surface. In order to make 
an investigation as a function of depth, it is only necessary to vary the 
frequency, f ,  since h = VR/f. 
aluminum is about 2 . 8  x 10 cm/sec. 
The Rayleigh wave velocity, vR, in 
5 
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Most of our iiivestigatioiis up until the present have been made 
using a frequency of 4 MHz, which gives a wavelength of 0. 7 mm 
(28 mils). 
experiments. Fo r  work at other frequencies, 1 MHz, a lower frequency 
transducer has been obtained from Krautkramer. For  studies a t  4 ,  12 and 
20 MHz a transducer has  been purchased from Paiiametrics (Waltham, Mass. 
The 1 MHz (really 1. 1 MHz) transducer is of the conveiitional plastic wedge 
design, but the other probe uses a flint glass prism. 
Most conventional Rayleigh wave wedge transducers a r e  made out 
of lucite or some other plastic iii which a longitudinal acoustic wave is 
launched. The plastic is necessary siiice one requirement for Siiell' s 
law is that the velocity in the iiicideiit medium be less than the Rayleigh 
wave velocity iii the test material, Oiily in some plastics and liquids is 
this condition fulfilled for iiicideiit longitudinal waves on metals such a s  
aluminum. Siiell's law states that the angle of the wedge, 0, is given by 
This frequency has proved to be quite satisfactory for most 
e = sin-'  (V,/V,> 
where V1 is the wave velocity in the wedge material and V2 i s  the Rayleigh 
wave velocity iii the test specimen. Rather than a loiigitudiiial wave, it 
is possible that a shear o r  transverse wave be used. This enables a some- 
what wider range of material to be used and still satisfy Siiell's law since, 
iii general, the shear wave velocity in a solid is less than the longitudinal 
velocity - quite often oiily one-half or one-third. 
The shear wave-wedge surface wave probes we a r e  using a r e  made 
of flint glass with quartz transducers (Fig. 17). Because of the relatively 
low acoustic loss iii quartz, it  is generally necessary to separate the transmit 
and receive fuiictions into different units. If one transducer is to be used 
for both, the high acoustic Q of flint glass compared to aluminum does not 
damp out iiiteriial reflections fast  enough to prevent interference with the 
reflected Rayleigh waves uiiless very long path lengths a r e  used. 
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The major advantage of going to such a transducer structure is  
that the quartz shear transducers may easily be driven in overtome 
modes. That is, if fT is the fundamental resonant frequency of the trans- 
ducer, then acoustic waves of 3fT, 5 fT, etc. , may be excited by only 
changing the frequency of the exciting rf generator. This allows the wave- 
length to be varied, although in discrete steps, with only one transducer. 
Figure 18 shows the experimental arrangement that was used to 
test  the transducers a t  the fundamental and harmonic frequencies. The 
signal exciter i s  an Arenberg model PG-650 which i s  a high power, pulsed 
rf generator which is specifically designed for ultrasonic work. The 
attenuator is to set the level. The output of the amplifier section of the 
Krautkrarner USIP 10 W was displayed on an oscilloscope. Surface waves 
were observed at 4 MHz which is the fundamental as well  as 12 MHz, and 
20 MHz. A t  the highest frequency the transmitted signal was only a couple 
of db above the noise, but with the Arenberg model WA-600 amplifier, 
which is designed for operation at these frequencies, a large improvement 
in the signal to noise ratio will be obtained. Experiments on 5CC detection 
at higher frequencies will  then be undertaken. 
During the course of these experiments, we determined that the 
Krautkramer probe could be made to work not only at its 4 MHz funda- 
mental but at i ts  first overtone of 12 MHz. The actual efficiency was 
as good as the flint glass transducer, although at higher frequencies the 
loss in the plastic wedge becomes quite high. 
The only measurements made so far on SCC were with the 1 MHz 
surface wave probe. A s  expected, because of the large depth of penetration 
(approximately 1/8 inch) essentially no reflections could be seen from SCC 
in the unstressed state. A s  a first approximation we might expect the 
reflections to be only one-fourth as large as for the 4 MHz signals. 
It will be necessary to make some mounting hardware in order to 
use  the overtone transducers on any actual SCC tests. This is because 
two separate transducers are being used, and it is necessary to se t  them 
at a slight angle so that the reflections from the reference grooves snd 
SCC will not return to the transmitting probe but rather to the receiving 
one. 
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B. Studies of Rapid and Reproducible Coupling of Transducers 
and Reflectors to Surfaces 
Over the course of this work we have found that commercial 
rubber cement is a very easy and effective means of coupling ultrasonic 
transducers to the surface of test specimens. A s  a laboratory technique 
it has been very satisfactory, fulfilling a number of requirements of a 
good bonding material. These include low acoustic loss , reproducibility 
without excessive care ,  and long lifetime (the order of days) without 
extreme changes in characteristics. In addition, the technique makes it 
easy to remove the transducer and easy to clean the test part and 
transducer. 
For use in the field and performing tests in situ, though, it would . 
be much more desirable if a liquid coupling could be avoided, for obvious 
reasons. We have made some tests using sheets of rubber between the 
foot of the probe and the test surface to see if the liquid can be eliminated. 
The principal function of a coupling medium is to make intimate 
acoustic contact between the two surfaces under consideration. This  is 
done by "filling in" all  the air gaps and voids between the phases with some 
material which has compatible acoustic properties such as low attenuation 
and a reasonable acoustic impedance. Generally, it is desirable that the 
bond thickness is thin compared with the wavelength of the ultrasonic 
wave. Acoustic matching, using various thicknesses of materials with 
selected properties to transform the acoustic impedances, is possible, 
but we will not consider it here because of its complications. 
The results of a series of experiments a r e  summarized in Table I. 
Results are expressed relative to a "standard" rubber cement bond. 
The transducer, the 1. 1 MHz fundamental probe operating at  3 . 3  MHz and 
driven by the Arenberg PG-650 pulse generator, was used a s  a sender and 
receiver to observe echoes from the edge of an unfinished, as-received 
aluminum block. The f i r s t  column gives the coupling material which was 
used in between the shoe of the probe and the test surface. The second 
column indicates the increase in signal level in order to obtain the same 
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size echo as was observed with rubber cement. 
of the coupling of the transducer is half this number. The third columii 
gives some comments, mainly about the pressure. 
The  decrease in efficiency 
TABLE I 
"Dry" Coupling of a Rayleigh Wave Traiisducer to an 
Commercial Rubber Cement as a Standard 
Aluminum Block. The Measurements a r e  Referenced to 
Material 
Rubber Cement 
Rubber Sheet 
(1/2 mm thick) 
R ubber Sheet 
(1/2 mm thick) 
Rubber Sheet 
(1 mm thick) 
Rubber Sheet 
(0. 1 mm thick) 
Nothing 
Signal Level 
0 
10 db 
14 db 
23 db 
22 db 
> 4 3  db 
Comments 
Used a s  standard 
Hand Pressure 
Pressure of 
1 Kg/cm2 
Hand Pressure 
Hand Pressure 
No coupling 
observed 
In no case was a very good result obtained. A wider range of 
rubber wil l  be tried. For  example, a somewhat softer grade might not 
require as high a pressure.  The thin rubber (0. 1 mm) was evidently 
too thin for the relatively rough test  block. 
C. Liquid Filled Transducer 
Another type of structure that might be used for a practical trans- 
ducer for Rayleigh waves would be a liquid filled cell with a longitudinal 
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transducer a t  one end and a thin piece of rubber a t  the other (Fig. 19). 
This configuration has been suggested as a transducer system developed 
for checking welds. 
wedge transducer except that in place of the plastic, a liquid would be 
substituted. 
The foot of the probe would be able to conform to relatively 
rough and even to slightly curved surfaces. By varying the liquid, and 
thus the longitudinal acoustic wave velocity, the angle, 8, can be changed. 
'For example, for carbon tetrachloride VL = 0.92 x 10 cm/sec and for 
glycerol VL = 1.9 x 10 cm/sec. This means the angle for launching 
Rayleigh waves can a t  least range from 19.5" to 43". This angle would 
be determined by the angle a t  which the tube was cut. 
The path length in the acoustic liquid medium can be adjusted so 
that the attenuation wil l  damp out internal reflections before the reflected 
Rayleigh wave returns. This length will depend on the type of liquid, the 
frequency, and the range of delays to be investigated. 
The probe would essentially be equivalent to the 
5 
5 
Work on this coupling method is being undertaken. 
V. SUMMARY 
A summary of a number of the more important observations is 
given below: 
basic solution (pH = 11. 8) than in more acidic solutions (pH = 4. 7 and 2. 1). 
The ratios of slope of the increase in attenuation expressed in db/cm with 
increasing corrosion i s  2: 1. 2: 1 for pH's of 2. 1, 4. 7 and 11. 8,  respectively. 
(2) The 1% NaCl - 2% K2Cr207 solution at  60°C was not effective 
in producing SCC in U-bend samples even for exposures as long as 23 hours. 
No explanation of the negative results is possible a t  this time. 
(1) The ultrasonic attenuation in 7075-T651 U-bends is less in a 
(3) Precorrosion followed by s t r e s s  corrosion i s  very effective 
2 in producing microcracks, Precorrosion for 1 coul/cm followed by 
s t ress  corrosion for an additional 0.3 coul/cm produced the equivalent 
cracking, as measured by an increase of ultrasonic attenuation, as  normal 
2 SCC for 1 coul/cm . 
2 
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(4) For work to explore the detection of SCC on higher f re -  
quencies, i. e. with greater sensitivity, surface wave transducers 
with flint glass prisms have been used. They can be operated under 
our conditions at their 4 MHz fundamental and at  their first two 
overtones - 12 to 20 MHz. 
(5) Rubber sheets attached to the foot of normal surface wave 
transducers do couple the acoustic waves but with the configurations 
w e  have used, the additional loss over a cement bond is a minimum 
of 5 db. 
(6) The longitudinal velocity of acoustic waves in liquids is 
such that they could make good media for launching Rayleigh waves 
onto aluminum and a possible configuration using an enclosed liquid 
probe is discussed. 
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SECTION D 
WORK IN THE NEXT QUARTER 
Reference is made to the enclosed planning chart and to the more 
Phase I ,  the mechanism study, is being implemented by means of 
detailed description of this chart  in our monthly report  dated July 15, 1968. 
projects 1 to 4. During this period, work has been carried out in all of 
these areas. The main emphasis in project 1 during the next quarter will 
be on IC and Id, i. e. the temperature dependence of stress corrosion 
cracking. Project 2 is essentially finished, since we now believe that we 
understand the mechanism of the precorrosion sensitivity of 7075. Some 
further experimentation in confirmation of our theory is planned, but this 
will only be minor. It is not intended to examine the effect of buffer con- 
centration on the precorrosion period, i. e. 2c, as this is no longer of 
interest. Most of the emphasis in this phase of our study will be on 
project 3. 
is being implemented by projects 5 - 7. A l l  the wcrk is up-to-date. Sub- 
projects 5 and 6 are essentially finished, although some fur ther  work may 
be carried out on the detection of SCC caused by free corrosion in the 
potassium dichromate solutions. 
i. e. studies to help specify iiistrumental design parameter and investigation 
techniques for field work. 
Phase 11, to detect stress corrosion damage by instrumental methods, 
The main emphasis will be on subproject 7, 
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(2a) 
(2b) > 
(2c) 
(2d) -3 -- -- - . 
Phase I, Mechanism Study 
> 
Quarter 
2nd -
( 3 4  > 
(3b) > 
( 3 4  
(3d) 
1 st -Subpr oj ect 
> 
> 
4th -3rd - 
(4a) > 
(4b) > 
Instrumental design parameters 
( 7 4  
(7b) 
(7c) 
(7 d) 
Phase 11, Nondestructive Testing 
9 
> 
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b 
(5) Detectability of stress corrosion on damage caused under various environ- 
ment conditions 
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